. A second a large family of signaling molecules, at least some of neuropilin family member, neuropilin-2, binds SEMA-3C which can function during development as axonal guidand SEMA-3F with high affinity but binds poorly, if at all, ance cues (for reviews, see Kolodkin, 1998; .
to SEMA-3A. Neuropilin-2 is required for the repulsive Class 3 semaphorins are secreted proteins of about 120 effects of SEMA-3C and SEMA-3F on sympathetic neukDa (for review, see Yu and Kolodkin, 1999 3A-induced collapse of sensory growth cones in vitro The ability of SEMA-3A to collapse and repel growth (Takahashi et al., 1999) . Semaphorin receptors are therefore likely to consist of one or both neuropilins that bind and present specific semaphorins to one or more plexins that is currently available suggests that neuropilin-1 presents SEMA-3A, neuropilin-2 presents SEMA-3F, and neuropilin-1 and -2 together present SEMA-3C (Chen et al., 1998; Giger et al., 1998; Nakamura et al., 1998). We have previously described a dominant-negative receptor strategy to block the function of class 3 semaphorins (Renzi et al., 1999). Sympathetic neurons are normally repelled by SEMA-3A, SEMA-3C, and SEMA-3F. When caused to express a truncated neuropilin-1 that is missing a specific extracellular domain, growth cones from sympathetic neurons are no longer responsive to SEMA-3A and SEMA-3C, but remain responsive to SEMA-3F. This truncated form of neuropilin-1 (dnNP-1) therefore acts as a dominant-negative receptor for specific secreted semaphorins. A dominant-negative approach to blocking semaphorin function might be advantageous since multiple family members with similar biological functions can be blocked all at once. This could be important if the loss of a single semaphorin is partially compensated for by other family members with similar functions.
In this paper, we report that expressing dnNP-1 in olfactory sensory axons alters their trajectories when they reach the telencephalon. Instead of pausing at the surface of the brain and waiting for their target, the olfactory bulb, to mature as they normally would; dnNP-1-expressing axons enter the brain prematurely and overshoot the area that will become their appropriate target. These results suggest that class 3 semaphorins act as repellents in vivo and prevent axons from entering their target prematurely.
Results

Transfection of Olfactory Sensory Neurons Using In Ovo Electroporation
The expression of dnNP-1 was induced in embryonic chicks by electroporating an appropriate eukaryotic expression plasmid in ovo. This method of misexpressing genes in the chick has several advantages over avian retroviral vectors. These include: (1) high levels of recombinant protein are produced within 8 hr of electroporation, (2) large recombinant proteins can be produced since larger coding inserts are better tolerated than with viral vectors, (3) there are no reported limits kaline phosphatase (AP) fused to the transmembrane and cytoplasmic portions of chick NP-1 was used as a tracer construct to identify transfected cells and visualize their axonal processes. Expression of this AP-tagged lin-1 (APϩNP-1), or a plasmid containing a myc-tagged dnNP-1 (APϩdnNP-1). marker does not affect semaphorin signaling in cultured sympathetic neurons (data not shown). It was Plasmid DNA was injected into the amniotic sac adjacent to the nasal pit of stage 13 embryos (E2) and eleccotransfected in a 1:10 ratio with either a plasmid carrying the ␤-galactosidase reporter gene as a control troporated with the electrodes oriented to force the plasmid toward the embryo ( Figure 1A) . Visualization of the (APϩ␤-gal), a plasmid containing full-length neuropi-AP marker 2 days later showed transfection of ectodermal cells in and around the nasal pit and in the lens of the eye ( Figure 1B) . At later ages, the labeled axons of olfactory sensory neurons could be seen leaving the olfactory epithelium to form the olfactory nerve ( Figure  1C ). Other structures that are, at least in part, derived from the ectoderm were also transfected. These included the lens of the eye as well as the trigeminal, vagal, and glossopharyngeal ganglia (data not shown).
Electroporation resulted in a large amount of embryo mortality. In individual experiments, as many as 50% of the treated embryos died within 3 days of electroporation. The survival rate decreased further with time, falling to as low as 20% by 7 days post treatment. This high lethality is unlikely caused by electroporation itself or the incorporation of expression plasmids into embryonic tissues. Similar rates of lethality are observed with uninjected embryos electroporated with 0 volts. Surviving embryos were found to be normal upon gross inspection, and the axonal trajectories of olfactory sensory axons in embryos electroporated with control constructs appeared normal (see below).
Olfactory Axons Expressing dnNP-1 Overshoot Their Normal Target
The first olfactory axons exit the olfactory epithelium and reach the telencephalon by E5 where the vast majority of them halt for several days before entering the CNS (Figure 2A) . As olfactory axons accumulate outside the CNS, the olfactory bulb evaginates from the telencephalon and differentiates beneath them . Olfactory axons enter the bulb at E8-first projecting into the superficial olfactory nerve fiber layer (ONL), and then projecting into and making synaptic connections within the deeper glomerular layer. To determine if the expression of dnNP-1 in sensory axons interferes with their guidance, the trajectories of olfactory axons cotransfected with APϩ␤gal, APϩNP-1, or APϩdnNP-1 plasmids were compared in E7 embryos.
Olfactory axons normally make contact with the surface of the telencephalon without entering the CNS by E7 ( Figure 2B ). Olfactory axons transfected with AP tracer tag plus ␤-galactosidase (APϩ␤-gal) were seen to exit the olfactory epithelium, join the olfactory nerve, and extend to the telencephalon. At E7, the majority of these axons were found to terminate just outside of To quantify dnNP-1-induced overshooting of the target, we compared the number of labeled axons overin whole mount, the overshooting axons appeared to extend on, or just below, the surface of the telencephashooting in APϩ␤gal-, APϩNP-1-, and APϩdnNP-1-transfected embryos. Since more axons were observed lon. The trajectories of these escaping axons varied considerably, but the overwhelming majority grew on the to overshoot when many labeled axons arrived at the target, data are expressed as the number of overshootmedial side of the nascent olfactory bulb and projected caudally along the medial surface of the forebrain. In ing axons in relation to the total number of labeled olfactory axons in each preparation (Figure 4 ). Transfected contrast, two embryos from a total of 16 each had a large fascicle of APϩdnNP-1-transfected axons that axons could be counted accurately due to their small numbers; however, it is possible that the number of projected some distance outside of the lateral surface of the telencephalon. These fascicles of axons appeared arriving axons might occasionally have been underestimated when they fasciculated closely. In APϩ␤-galto break off from the main olfactory nerve prior to contact with the telencephalon. Cells transfected with transfected embryos, no overshooting axons were observed when fewer than four transfected axons reached APϩdnNP-1 were found migrating in the telencephalon along a route similar to that seen in controls ( Figure 3F) . the telencephalon. The number of overshooting axons did not exceed two in any of the APϩ␤-gal-transfected Olfactory sensory axons cotransfected with AP tracer tag plus full-length neuropilin-1 (APϩNP-1) behaved just embryos analyzed. Identical outcomes were observed for axons transfected with the full-length neuropilin-1 as control (APϩ␤-gal) axons did. The overexpression of full-length neuropilin-1 does not enhance or reduce construct, although as many as three or four aberrantly projecting axons were observed in embryos with an the responsiveness of cultured sympathetic axons to SEMA-3A (Renzi et al., 1999). Since the dnNP-1 is a unusually large number of transfected axons. In contrast, dnNP-1-expressing olfactory axons were obsimple deletion construct made from full-length neuropilin-1, the overexpression of NP-1 on olfactory sensory served to overshoot their target when as few as two of them reached the telencephalon. The number of overaxons should reproduce any effects that dnNP-1 expression might have beyond its ability to neutralize shooting axons increased dramatically as more transfected olfactory axons reached the telencephalon. An semaphorin signaling. The aberrant trajectories of olfac-
dnNP-1-Induced Misprojection of Olfactory Axons Persists in E9 Embryos
We next examined the trajectories of olfactory axons in E9 embryos transfected with either APϩ␤-gal or APϩdnNP-1 to see if overshooting axons survived to later ages and/or converged on inappropriate secondary targets. Because survival to this late age was rare after transfection, only four embryos in each treatment group were analyzed. Olfactory axons transfected with APϩ␤-gal extended to the nascent olfactory bulb and terminated on its surface. No labeled axons were seen to extend past the caudal margin of the olfactory bulb and into the forebrain (Figures 6A and 7A) . In contrast, all of the four E9 embryos transfected with APϩdnNP-1 contained at least one labeled axon that had overshot the olfactory bulb and extended into the forebrain (Figures 6B and 7D) . One particularly dramatic aberrant projection appeared to extend the entire length of the forebrain, turning and branching multiple times. Figures 5E and 5F ). (Figure 8 ). SEMA-3D is also ex-SEMA-3E expression was detected in the E9 bulb (data not shown). These results indicate that of these class 3 semaphorins, only SEMA-3A is expressed in the correct position at the appropriate time to provide a repellent signal that would prevent olfactory axons from extending into the telencephalon.
Discussion
The developing olfactory system is an ideal system in which to study the mechanisms that control axon guidance. It is made up of a relatively homogeneous population of sensory cells that project to a recognizable target, 18. The first olfactory axons begin to grow out of the A third possible explanation for the apparently normal behavior of the majority of dnNP-1-expressing olfactory Expressing axons exit from the olfactory epithelium, enter the olfactory nerve, and project along a normal axons is that only the earliest of them may be affected. Very early arriving axons that grow past the location course to the telencephalon. SEMA-3A is expressed in the olfactory epithelium when olfactory axons exit (Kowhere the olfactory bulb will form never have the opportunity to contact, recognize, and terminate in their apbayashi et al., 1997). SEMA-3A might have been thought to influence the initial direction in which these axons propriate target. But later arriving axons, even those expressing dnNP-1, could have that opportunity once extend by repelling them out of, and away from, the olfactory epithelium. Our finding that axons expressing the olfactory bulb has started to differentiate. The differentiated bulb may provide appropriate synaptic sites or dnNP-1 exit the olfactory epithelium and enter the olfactory nerve as they normally would does not support this other cues that actively encourage olfactory axons to stop growing and begin to make synapses. function for SEMA-3A. Our results also suggest that those class 3 semaphorins whose function is inhibited
In conclusion, our results suggest that an active chemorepellent is responsible for preventing olfactory by NP-1 are not likely to play a very important role in the guidance of olfactory sensory axons while they grow axons from entering the telencephalon prematurely and further suggest that SEMA-3A is the most likely candiin the olfactory nerve. It should also be noted that the expression of dnNP-1 in olfactory sensory neurons date for mediating this response. The establishment of long axonal projections is facilitated if neurons make probably does not affect their cell fate or differentiated state, since their axonal processes behave normally until their appropriate connections early while distances are short. The obvious disadvantage of this strategy is that they reach the telencephalon.
A population of cells born in the olfactory epithelium axons may arrive at their destinations well before their appropriate targets are ready to be innervated. Chemomigrate along the olfactory nerve and enter the telencephalon without any apparent pause in both our control repellents may provide an active mechanism by which early arriving axons are prevented from entering a target and dnNP-1-expressing embryos. GnRH-expressing cells migrate along this route and ultimately populate that is not yet ready to receive them. DNA) for at least 1 hr at room temperature, then incubated overnight was diluted 1:10 with either plasmid containing the ␤-galactosidase with the DIG-labeled probe, diluted to 400 ng/ml in hybridization reporter gene (APϩ␤-gal) for control transfections, plasmid conbuffer at 72ЊC. The next day, sections were washed in 0.2ϫ SSC at taining full-length neuropilin-1 (APϩNP-1), or with plasmid con-72ЊC, rinsed briefly in 0.2ϫ SSC, and rinsed in PBS. Sections were taining dnNP-1 (APϩdnNP-1). The DNA mixture was then injected blocked in blocker (2% powdered milk in PBS) for 1 hr and then into the amniotic sac just rostral to the nasal pit ( Figure 1A) . incubated in an alkaline phosphatase anti-DIG antibody diluted The electroporation apparatus consisted of a circuit designed to 1:2500 in blocker for 3 hr at room temperature. Alkaline phosphatase generate the electric field, a DC power source to supply the voltage, was visualized by incubating the sections in AP reaction buffer and a function generator to control the frequency of the pulses. The without substrate for 5 min and then incubated overnight in AP electric field was applied to the surface of the egg through platinum reaction buffer containing 0.33 mg/ml NBT and 0.17 mg/ml BCIP. genetrodes (BTX industries). For the electroporation of the olfactory placode, the electrodes were placed on the surface of the egg as illustrated in Figure 1A . The electrodes were lowered to form a slight
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